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Abstract
The generation of a required series of localized Ca2+ transients during cytokinesis in zebrafish embryos suggests that Ca2+ plays a necessary
role in regulating this process. Here, we report that cortical actin remodeling, characterized by the reorganization of the contractile band and the
formation during furrow deepening of pericleavage F-actin enrichments (PAEs), requires a localized increase in intracellular Ca2+, which is
released from IP3-sensitive stores. We demonstrate that VAMP-2 vesicle fusion at the deepening furrow also requires Ca
2+ released via IP3
receptors, as well as the presence of PAEs and the action of calpains. Finally, by expressing a dominant-negative form of the kinesin-like protein,
kif23, we demonstrate that its recruitment to the furrow region is required for VAMP-2 vesicle transport; and via FRAP analysis, that kif23
localization is also Ca2+-dependent. Collectively, our data demonstrate that a localized increase in intracellular Ca2+ is involved in regulating
several key events during furrow deepening and subsequent apposition.
© 2008 Elsevier Inc. All rights reserved.Keywords: Cytokinesis; Ca2+; IP3 receptors; Contractile band; Pericleavage F-actin enrichments; Calpains; VAMP-2; Microtubules; Kif23; Zebrafish embryosIntroduction
It is becoming generally accepted that localized elevations of
[Ca2+]i may be involved in regulating at least three major steps
in cell cycle progression: nuclear envelop breakdown, chromo-
some separation, and division of the cytoplasm (Steinhardt and
Alderton, 1988; Twigg et al., 1988; Whitaker and Patel, 1990;
Stricker, 1995; Groigno and Whitaker, 1998; Parry et al., 2005;
Whitaker, 2006; Webb and Miller, 2007). In the case of the
latter, it has been previously reported from zebrafish (Danio
rerio), medaka (Oryzias latipes), rosy barb (Puntius concho-
nious), mummichog (Fundulus heteroclitus) and Xenopus
laevis embryos, that sequential Ca2+ transients are localized to
the cleavage furrow during different stages of cytokinesis in
these large cells (Fluck et al., 1991; Chang and Meng, 1995;
Muto et al., 1996; Webb et al., 1997; Créton et al., 1998; Chang
and Lu, 2000; Lee et al., 2003; 2006; Webb and Miller, 2007;
Webb et al., in press). The close temporal and spatial
correlation, as well as the distinctive characteristics of these⁎ Corresponding author. Fax: +852 2358 1559.
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involved in the regulation of a variety of events during each
sequential step of the cytokinetic process, namely furrow
positioning, propagation, deepening and apposition (Lee et al.,
2003; 2006). Despite a general consensus that Ca2+ is in some
way required for cytokinesis, the precise targets of these
increases in [Ca2+]i remain elusive. The purpose of this current
study was, therefore, to investigate the functional significance
of the cytokinetic Ca2+ transients, and in particular the furrow
deepening transient, by identifying possible downstream targets
using a combination of complementary pharmacological,
molecular and imaging techniques.
Cytokinesis is a complex and dynamic biological process
involving the interaction of several key molecules coordinated
both spatially and temporally in a robust and reproducible
manner (Rappaport, 1996; Robinson and Spudich, 2000; Eggert
et al., 2006). In certain cell types it is sometimes difficult to
image specific events during cytokinesis due to the small size of
the cell, as well as the near-simultaneous occurrence of events.
Furthermore, in cell types where cytokinetic events are
sufficiently sequential, abrogation of one event leads to the
inhibition of all subsequent events, often making the resulting
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of teleosts and amphibians is thus somewhat advantageous in
that they can offer a higher degree of both temporal and spatial
resolution. In this study, the optical clarity of zebrafish embryos
presented an additional advantage.
Membrane addition appears to be a universal feature of
cytokinesis in many species (Bluemink and de Laat, 1973;
Lecuit and Wieschaus, 2000; Feng et al., 2002; Shuster and
Burgess, 2002; Li et al., 2006). We have previously shown in
zebrafish embryos that the membrane remodeling process
during cytokinesis requires microtubule-dependent vesicle
fusion mediated by the SNAREs, SNAP-25 and VAMP-2 (Li
et al., 2006). In zebrafish embryos, cytokinesis begins with
furrow positioning in the cortex at the blastodisc apex, followed
by furrow propagation through the cortex with a restricted
degree of furrow deepening (Lee et al., 2006). When the leading
edges of the propagating furrow have reached the blastodisc
margin, furrow deepening (ingression) begins, once again
commencing at the apex of the blastodisc. The deepening
furrow simultaneously cuts down through the blastodisc toward
the top of the yolk cell as well as outward toward the margins of
the blastodisc, resulting in the separation of the cytoplasm into
the daughter cells (Webb et al., 1997; Lee et al., 2003). The final
phase of this embryonic cell division process comprises of the
apposition of the plasma membranes of the adjacent daughter
cells, thus eliminating the furrow gap between them (Webb et
al., 1997), a process which also requires continued SNARE-
mediated vesicle fusion (Li et al., 2006). Membrane fusion
events in other biological processes, such as neurotransmitter
release and wound healing, have been reported to be regulated
by localized increases in [Ca2+]i (Togo et al., 1999; Fisher and
Bourque, 2001; Stojilkovic, 2005; Togo, 2006). Thus, it has
been postulated that the regulation of membrane addition during
cell division may also be a possible down-stream function of the
furrow deepening and apposition cytokinetic Ca2+ transients (Li
et al., 2006). Indeed, it has been previously reported that Ca2+
released from heparin-sensitive intracellular sources is required
for new membrane deposition in dividing sea urchin eggs
(Shuster and Burgess, 2002). However, the precise role of Ca2+
in cytokinetic membrane fusion events in vertebrate embryonic
cells has not been extensively explored.
Contractile filament organization during furrow positioning,
propagation and deepening is an area of active research, and
several models of actomyosin filament alignment and organiza-
tion have been proposed (Schroeder, 1972; Rappaport, 1996;
Wang, 2005; Eggert et al., 2006). Early observations in
echinoderm embryos using electron microcopy show contractile
filaments, which appear as a circumferential ring in these
holoblastically cleaving eggs. This resulted in the “purse-string”
model to describe force generation via decreasing the diameter
of the contractile ring (Schroeder, 1972). It has been reported
from dividing Xenopus embryos – which face somewhat
similar dimensional challenges as zebrafish embryos with
regards to the formation of the contractile apparatus – that
F-actin filaments assemble to form F-actin patches at the
growing ends of the cleavage furrow. The patches then align in
tandem, elongate and fuse with each other to form short F-actinbundles, which in turn form long F-actin bundles that propagate
the contractile band through the egg cortex (Noguchi and
Mabuchi, 2001). Myosin II recruitment was also reported to
precede that of F-actin and act as an accumulation site for the
F-actin patches. Both proteins were then reported to be
simultaneously reorganized into the contractile apparatus
(Noguchi and Mabuchi, 2001). Despite the wide acceptance
of the purse-string model, however, some recent work in a
variety of cell types has presented evidence of alternative
filament alignments that challenge this traditional model
(Fishkind and Wang, 1993; Wong et al., 1997; Oegema et al.,
2000; Murthy and Wadsworth, 2005). Nevertheless, the current
consensus is that stimulation of the actomyosin band and its
subsequent contraction most likely takes place during furrow
deepening. Indeed, it has been suggested that this is one of the
primary functions of the furrow deepening Ca2+ transient (Fluck
et al., 1991; Chang and Meng, 1995; Webb et al., 1997; Lee et
al., 2003). It has also been reported that the introduction of the
Ca2+ chelator, BAPTA, during the 1st cell division in zebrafish,
results in the disruption and eventual disappearance of the
contractile apparatus (Chang and Lu, 2000). This suggests that
elevated [Ca2+]i might also play a role in actin remodeling and
stabilization during cell division. The volume of the elevated
Ca2+ domain during furrow deepening, however, greatly
exceeds that of the contractile band. This suggests, therefore,
that the deepening Ca2+ transient may play additional
supportive roles in the pericleavage cytoplasm surrounding
the contractile band.
Mitotic kinesin-like protein 1 (MKLP1) belongs to the
Kinesin-6 family and has been reported to be essential for
cytokinesis in various cell types (Powers et al., 1998; Raich et
al., 1998; Chen et al., 2002; Matuliene and Kuriyama, 2002;
Minestrini et al., 2003; Zhu et al., 2005). MKLP1 associates
with microtubules and its recruitment to the cleavage furrow has
been reported to be required for the terminal phase of
cytokinesis in several cell types (Kuriyama et al., 2002;
Matuliene and Kuriyama, 2002; Zhu et al., 2005). Kinesin
family member 23 (kif23) is a zebrafish homologue of MKLP1
and has been shown to have a high sequence homology with its
mammalian counterpart, possessing an N-terminal motor
domain, a cargo-binding tail and a putative nuclear localization
sequence at the C-terminal region (Chen et al., 2002). Similar to
the function of MKLP1 in other species, it has been reported
that kif23 is essential for cytokinesis in zebrafish and that its
subcellular distribution is dependent on the cell cycle (Chen et
al., 2002). It has also been reported that an extensive furrow
microtubule array (FMA) is required for embryonic cytokinesis
in zebrafish, and it has been proposed that this array may
function to transport vesicles to the deepening furrow
(Jesuthasan, 1998; Lee et al., 2004). Furthermore, a zebrafish
mutant, nebel, has been identified with defects in both the FMA
and the process of membrane addition at the furrow (Pelegri et
al., 1999). There is growing evidence to suggest that cyto-
skeletal motor proteins may in some cases be associated with
Ca2+-sensitive proteins, thus suggesting some form of Ca2+-
mediated regulation of motor protein function (Abdel-Ghany
and Reddy, 2000; Adamíková et al., 2004; Dymek et al., 2006).
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the recruitment of kif23 and VAMP-2 vesicles to the cleavage
furrow might be Ca2+-dependent and thus represent an
additional function of the furrow deepening Ca2+ transient.
Our new results identify two distinct Ca2+-dependent,
cytokinesis-related, actin remodeling processes during cell
division in zebrafish embryos. These are: the reorganization
of the actin-based contractile band in the base of the deepening
cleavage furrow, and the establishment of a transient pair of
discrete populations of actin, previously named pericleavage F-
actin enrichments (PAEs; Urven et al., 2006) due to their
appearance in the cortex on either side of the deepening
cleavage furrow. In addition, our new data also suggest that the
appearance of PAEs and VAMP-2 vesicle fusion at the furrow
membrane may be functionally related. The use of pharmaco-
logical agents indicate that PAE-related actin remodeling and
VAMP-2 vesicle fusion require an IP3R-generated increase in
[Ca2+]i, and that a member (or members) of the calpain family
of Ca2+-sensitive proteolytic enzymes might play a role in the
regulation of these inter-related processes. Additionally, using
FRAP analysis, we provide evidence for the first time to suggest
that the recruitment of kif23 along the furrow microtubule
arrays (FMAs), an event required for VAMP-2 vesicle accu-
mulation at the furrow, may also be Ca2+-dependent. Together,
our new findings highlight the importance of the furrow deep-
ening Ca2+ transient, and suggest that it might function to
regulate multiple events during the complex process of actin
reorganization and membrane remodeling during furrow
deepening in zebrafish embryos.Materials and methods
Materials
The HaloTag®TMR-ligand and HaloTag®pHT2 vector were purchased from
Promega Biotech. Co (Madison, WI). Latrunculin A (Lat-A), 5,5-dibromo-
BAPTA (DBB) and rhodamine–phalloidin were obtained from Invitrogen
(Carlsbad, CA). 2-Aminoethoxydiphenyl borate (2-APB), nifedipine, leupeptin
hemisulphate, cytochalasin B (CB) and brefeldin A (BFA) were obtained from
Sigma-Aldrich Co. (Shanghai, China). ω-Conotoxin GVIAwas purchased from
Alomone Labs Ltd. (Jerusalem, Israel). PD 150606 was obtained from EMD
Chemicals (San Diego, CA). Rhodamine–tubulin was supplied by Cytoskeleton
Inc. (Denver, CO). The anti-VAMP-2 and Quantum-dot 655 anti-rabbit
antibodies were purchased from Abcam Ltd (Cambridge, MA) and Quantum
Dot Corporation (Hayward, CA), respectively. The zebrafish VAMP-2 and kif23
cDNA clones were purchased from Open Biosystems (Huntsville, AL). All
restriction enzymes were purchased from New England Biolabs (Beverly, MA).
The mMESSAGE mMACHINE™ in vitro transcription kit was obtained from
Ambion Inc. (Austin, TX).
Plasmid construction and transient expression of EGFP fusion
proteins
Generation of the VAMP-2–EGFP construct (VAMP-2–EGFP–pSp64TNE)
was as previously described (Li et al., 2006). The VAMP-2–HaloTag (VAMP-2-
HT-pSp64TNE) was generated by first amplifying the open reading frame of the
HaloTag (HT) using the HaloTag®pHT2 plasmid as a template. The HT was
then inserted between the AgeI and EcoR1 sites of VAMP-2–EGFP–pSp64TNE
to replace EGFP. For the generation of the kif23–EGFP construct (kif23–
EGFP–pSp64TNE), the open reading frame of kif23 was amplified by PCR
using the zebrafish kif23 cDNA. The amplified fragment was then insertedbetween the KpnI and AgeI sites of EGFP–pSp64TNE. Truncated kif23–EGFP
(kif23–Trnc–EGFP–pSp64TNE) was generated by removing the first 274
codons at the amino-terminus of wild-type kif23 by using PCR to introduce the
start codon (i.e., ATG) 822 bases downstream of the initiation site of the kif23
gene. All the constructs were verified by DNA sequencing. For mRNA
production, the plasmids were linearized and the genes (driven by the SP6
promoter) were transcribed using an mMESSAGE mMACHINE™ in vitro
transcription kit.
Microinjection and pharmacological treatment of embryos
For the transient expression of EGFP fusion proteins and labeling of
microtubules, embryos were co-injected with mRNA plus rhodamine–tubulin as
previously described (Li et al., 2006). For experiments where only microtubules
were labeled, rhodamine–tubulin was diluted in water (1:4) before injection into
embryos at the one-cell stage. For the transient expression of kif23–EGFP and
VAMP-2-HT, embryos were co-injected with the mRNAs encoding the fusion
proteins mixed in a 1:1 ratio. After the second cleavage, the embryos were
incubated for 20 min in 30% Danieau's solution containing 5 μM Halo-
Tag®TMR ligand to label the VAMP-2-HT fusion protein. The embryos were
then washed twice in 30% Danieau's solution before live imaging. Embryos
were treated with high (i.e., 650 μM) or low (i.e., 130 μM) concentrations of the
Ca2+ chelator, DBB by injecting 0.52 nl of 100 mM or 1.04 nl of 10 mM,
respectively. The final concentrations of DBB inside embryos were estimated by
assuming that the volume of a zebrafish embryo was ∼128 nl and the water
percentage to be ∼68% (Leung et al., 1998). For treatment with high or low
concentrations of the inositol 1,4,5-trisphosphate receptor (IP3R) antagonist, 2-
APB, embryos were incubated in 30% Danieau's solution containing 1 mM or
25 μM 2-APB, respectively. The higher concentration of 2-APB used in these
experiments was in the range (i.e., 500 μM to 1 mM) previously shown to inhibit
all the cytokinetic Ca2+ transients in zebrafish (Lee et al., 2003, 2006).
Furthermore, it was reported that at these concentrations, treatment with 2-APB
also significantly disrupts cytokinesis; where if 2-APB is introduced before
furrow positioning, then no furrow appears on the blastodisc surface, but if it is
introduced after furrow positioning, then the nascent furrow completely
regresses (Lee et al., 2003).
For treatment with nifedipine (an L-type voltage-gated Ca2+ channel
antagonist), CB and Lat-A (both actin modulators), or PD 150606 (a non-
peptide calpain inhibitor), embryos were incubated with 30%Danieau's solution
containing 40 μM, 10.4 μM, 2 μM or 250–500 μM of these drugs, respectively.
For the ω-conotoxin (an N-type voltage-gated Ca2+ channel blocker) treatment,
embryos were injected with 0.52 nl of 190 μM ω-conotoxin solution (prepared
in water; giving a final estimated concentration of ∼1.23 μM in the embryo).
Embryos treated with leupeptin (a general protease inhibitor) were injected with
2.7 nl of a 20 mM leupeptin hemisulphate solution (prepared in water; to give a
final estimated concentration of∼675 μM in the embryo). Embryos were treated
with these drugs at the onset of furrowing of the first cleavage.
Immunohistochemistry and actin labeling
Embryos were fixed and immunostained for VAMP-2 according to a
previously published procedure (Li et al., 2006). The area of the furrow region
that was positive for VAMP-2 immunolabeling was quantified using the public
domain software ImageJ (http://rsb.info.nih.gov/ij). Actin was labeled in both
fixed and live embryos. In the former, embryos were fixed overnight in 4%
paraformaldehyde in PBS (pH 7.4) and then blocked for at least 2 h in blocking
buffer (i.e., PBS containing 0.1% Tween 20, 1% BSA) containing 2% goat
serum. The embryos were then incubated with rhodamine–phalloidin (1:100) in
blocking buffer containing 2% goat serum overnight. Prior to imaging, the
embryos were washed 4 times (30 min each) in blocking buffer without goat
serum. For live imaging of actin remodeling during cytokinesis, embryos were
injected with 1.8 nl of a rhodamine–phalloidin solution (6.6 μM in methanol)
resulting in a final intra-embryonic concentration of ∼0.14 μM (Leung et al.,
1998). Embryos injected with this amount of rhodamine–phalloidin developed
normally and did not show any signs of cytokinesis defects, when compared
with uninjected control embryos. For studying the colocalization of VAMP-2
and actin, embryos were injected at the one-cell stage with mRNA encoding
VAMP-2–EGFP for the transient expression of the fusion protein as described
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during the first cleavage and actin was labeled with rhodamine–phalloidin as
described above.
Microscopy and image acquisition
For acquisition of live images, embryos were immobilized in grooves made
in a 1% agarose gel and bathed in 30% Danieau's solution. Fixed embryos were
bathed in PBS. Brightfield images were acquired using a Nikon DXM 1200F
digital camera mounted on a Zeiss Axioskop using a Zeiss Plan Neofluar 10×/0.3
NA objective. All the other images were acquired using a Nikon C1 confocal
system mounted on a Nikon 90i upright microscope using Nikon Fluor 40×/0.80
W or 60×/1.00 W water immersion objectives and a pinhole size of 60 μm. All
images shown are single confocal sections of 512×512 pixels unless otherwise
indicated. Images were processed using the low pass filter of the EZ-C1 software.
Subsequent color and contrast enhancement was done using Corel PHOTO-
PAINT 13.
Fluorescence recovery after photobleaching (FRAP) experiments
To assess kif23 recruitment to the cleavage furrow, FRAP experiments were
performed in untreated control and 2-APB-treated embryos, which had been pre-
injected with kif23–EGFP mRNA and rhodamine–tubulin at the one-cell stage.
Treated embryos were bathed in a low concentration (i.e., 25 μM) of 2-APB
when the first cleavage furrow became visible. When the untreated control
embryos had reached the 16–32 cell stage, FRAP experiments were performed
using a Nikon C1 confocal system and analyzed with the EZ-C1 software. After
one pre-bleach scan of the image, a rectangular region of interest (ROI) was
photobleached with a 50 mW argon–ion 488 nm laser, using 20 consecutive
scans with a scan speed of 4.08 μs/pixel. Due to the natural shape changes and
movement of the embryos during development, image acquisition after
photobleaching was controlled manually (∼every 20–60 s) and scanned at a
speed of 1.68 μs/pixel to ensure that the correct focal plane was selected before
acquisition at a speed of 3.36 μs/pixel for higher-quality images. Fluorescence
intensities were normalized to a control unbleached region in the same field to
account for photobleaching from image acquisition. Fluorescence recovery was
expressed as:
% Recovery ¼ ðFt  FbÞ=ðFi  FbÞ  100%
where Ft, Fb and Fi represent the normalized fluorescence at time t, bleached
fluorescence at t=0, and initial fluorescence (before photobleaching),
respectively. This ratio accounts for the variations in the fluorescence intensities
among treatment groups and preparations. Kif23–EGFP recruitment in control
and 2-APB-treated embryos was analyzed by comparing the maximum recovery
of GFP fluorescence after photobleaching, which is expressed as:
Recovery Index ðRIÞ ¼ ðFp  FbÞ=ðFi  FbÞ  100%
where Fp is the plateau fluorescence obtained in each FRAP experiment.
Comparing pre-bleach with post-bleach images indicated that photobleaching
did not disrupt microtubules in the FMAs, which appear to provide the tracks for
kif23 movement towards the mid-line of the furrow (Li et al., 2006).
Results
Furrow deepening, stabilization and apposition requires an
IP3R-mediated rise in intracellular Ca
2+
As illustrated in Fig. 1A, incubation with the IP3R
antagonist, 2-aminoethoxydiphenyl borate (2-APB) or injection
of the Ca2+ chelator, 5,5-dibromo-BAPTA (DBB) at high
concentrations (i.e., 1 mM or 650 μM, respectively) after
positioning of the first cleavage furrow, caused an inhibition of
furrow deepening (Figs. 1Aiii and Av) followed by furrow
regression (Figs. 1Aiv and Avi) as well as inhibition ofsubsequent cycles of cytokinesis. On the other hand, treatment
with the L- and N-type voltage-gated Ca2+ channel antagonists,
nifedipine (40 μM) or ω-conotoxin (1.2 μM), respectively, had
no effect on deepening or apposition of the 1st or subsequent
cleavage furrows, when compared with the DMSO control
(Figs. 1Avii to Ax). This suggests that Ca2+ released from
intracellular stores via IP3Rs is essential for both furrow
deepening and furrow stabilization. Cleavage furrow deepening
(and subsequent regression in the case of 2-APB and DBB
treatments) was quantified as a function of time and is presented
in Fig. 1Bi. Following the same experimental protocol but using
lower concentrations of 2-APB or DBB (i.e., 25 μM and
130 μM, respectively), deepening of the first three furrows was
also blocked and the furrows were seen to regress but furrow
positioning was not affected. The vestigial indentations in the
blastoderm surface, indicated by the white and yellow arrow-
heads (1st and 3rd furrows, respectively; see Figs. 1Cii and Ciii,
respectively), are all that can be seen of the 1st and 3rd cleavage
furrows when compared with a DMSO-control embryo (see Fig.
1Ci). When microtubules were examined in embryos treated
with low concentrations of 2-APB and DBB (see Fig. 1D),
furrow microtubule arrays (FMAs) could still be observed to be
correctly positioned in the blastodisc (Figs. 1Dv, Dvi, Dviii,
Dix) but no furrow deepening was seen to take place (Figs. 1Cii
and Ciii). In the case of 2-APB treatment, this is shown at low
magnification in Fig. 1Dvi and more clearly at higher
magnification in Fig. 1Dv, where the FMAs are indicated by
white brackets. In Fig. 1Dv a daughter nucleus (N) is also
shown along with associated microtubules. In the case of DBB-
treatment, FMAs displaying a greater degree of disorganization
are visible, positioned correctly between daughter nuclei. These
are shown (white brackets) at high and low magnifications in
Fig. 1Dviii and Fig. 1Dix, respectively. The presence of several
daughter nuclei (seen most clearly in Fig. 1Dix) following these
‘low concentration’ treatments, indicates that karyokinesis
continues to occur in the absence of cytokinesis, resulting in a
syncytial blastoderm. It is clear from Figs. 1Dv, Dvi, Dviii and
Dix that while the FMAs were positioned correctly between
daughter nuclei, the embryos did not undergo normal furrow
deepening and apposition as is the case in the control embryos
shown in Figs. 1Di and Dii. These observations support the
previous suggestion that treatment with low concentrations of
2-APB and DBB do not inhibit the positioning of cleavage
furrows in the blastomere cortex, but do block their subsequent
deepening and thus separation of the daughter cells. When, on
the other hand, embryos were treated with a high concentration
of 2-APB or DBB (i.e., 1 mM or 650 μM, respectively; see Figs.
1Dvii and Dx), no daughter nuclei or FMAs were observed,
suggesting that both karyokinesis and furrow positioning were
inhibited. These observations suggest that karyokinesis (and the
subsequent furrow positioning events) may require a larger IP3R-
generated localized increase in [Ca2+]i than furrow deepening.
VAMP-2 vesicle fusion requires intracellular Ca2+
We have previously shown that VAMP-2 vesicle fusion,
which begins during deepening and continues during furrow
Fig. 1. An elevation in [Ca2+]i is required for furrow deepening and maintenance. (A) Embryos were treated after furrow positioning of the 1st cleavage with the IP3R
antagonist, 2-APB, with the L- and N-type voltage gated Ca2+ channel blockers, nifedipine and ω-conotoxin, respectively, or with the Ca2+ chelator, DBB at the
concentrations indicated. Brightfield images were acquired during deepening of the 1st cleavage furrow and at the time of the appearance of the 2nd cleavage furrow
(indicated by arrowheads in panels Aii, Aviii and Ax) or during regression of the 1st furrow (indicated by asterisks in panels Aiv and Avi). (B) Panel Bi shows a time-
course of 1st cleavage furrow depth (distance measured is shown in panel Bii) during normal deepening and apposition in DMSO-control, nifedipine- and
ω-conotoxin-treated embryos, as well as during abnormal deepening followed by furrow regression in 2-APB and DBB-treated embryos. (C) Brightfield images of
three representative embryos that were treated with DMSO (control; panel Ci) or with low concentrations of 2-APB (panel Cii) or DBB (panel Ciii), which were
acquired when the control embryo was undergoing deepening of the 3rd cleavage. Indentations in the blastoderm surface indicate the positioning of the 1st (white
arrowheads) and 3rd cleavage furrows (yellow arrowheads) in both DMSO control and drug-treated embryos (see panels Ci to Ciii). (D) Embryos injected with
rhodamine–tubulin and then either left untreated (panels Di and Dii) or else treated with a low concentration of 2-APB (25 μM; panels Dv and Dvi) or DBB (130 μM;
panels Dviii and Dix), or a high concentration of 2-APB (1 mM; panel Dvii) or DBB (650 μM; panel Dx). Microtubules were visualized in all the embryos when the
untreated control embryos reached the 8- to 16-cell stage. White brackets denote the furrow microtubule arrays (FMAs), while N denotes nuclei and * indicates yolk
platelets; both of which take the form of unlabeled voids of a large and small dimension, respectively. The schematics (see panels Diii and Div) indicate the location
within the untreated control 8- and 16-cell stage embryos of the stack of 2-D confocal sections used to reconstruct the images shown in the D panels.
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embryonic cytokinesis in zebrafish (Li et al., 2006). In addition,
this process was shown to occur in the absence of extracellular
Ca2+ (Li et al., 2006). We treated zebrafish embryos with a high
concentration of 2-APB (i.e., 1 mM) at the onset of furrow
deepening, in order to investigate whether this event required
the release of Ca2+ from an intracellular store via IP3Rs.
Embryos were then fixed before complete furrow regression forsubsequent immunofluorescence analysis of VAMP-2 incor-
poration into the cleavage furrow region. As illustrated
qualitatively and quantitatively in Figs. 2Aiii and Bi, respec-
tively, VAMP-2 vesicle fusion, as represented by the area of the
furrow region that was immunolabeled, is significantly reduced
(at pb0.001) when compared with the DMSO-treated control
embryos. Treatment with a high concentration (i.e., 650 μM) of
DBB gave similar findings to 2-APB treatment (see Fig. 2Av)
Fig. 2. VAMP-2 vesicle fusion requires an elevation in Ca2+ derived from intracellular stores. (A) Embryos were treated after furrow initiation with 2-APB, DBB,
nifedipine or ω-conotoxin at the concentrations indicated. They were then fixed during late deepening of the 1st cleavage (see panels Ai, Aiii, Av, Avii and Aix) and at
the completion of the 2nd cleavage or 1st furrow regression (see panels Aii, Aiv, Avi, Aviii and Ax) for VAMP-2 immunofluorescence analysis. The regions of VAMP-
2 labeling are indicated with arrowheads. Panels Aii, Aviii and Ax indicate the extent of VAMP-2 labeling at the completion of 2nd furrow apposition, whereas panels
Aiv and Avi clearly indicate the complete regression of the 1st cleavage furrow and the absence of VAMP-2 labeling in this region in embryos treated with either
2-APB (i.e., 1 mM) or DBB (i.e., 650 μM). (B) The extent of VAMP-2 vesicle fusion during late furrow deepening was quantified at the furrow region by measuring
the area of VAMP-2 membrane labeling, indicated in the region within the red line in the schematic shown in panel Bii. Data presented are averaged values±S.E.M.
where n≥6. One-way ANOVAwas performed for statistical analysis. The Neuman–Keuls multiple comparison test was performed as a post-hoc analysis. * indicates
values significantly different from the DMSO control (at pb0.001). (C) Untreated control and 2-APB-treated embryos were fixed at the 8- to 16-cell stages for VAMP-
2 immunofluorescence (grey-scale). The nuclei (N) were stained with Sytox green (indicated in green). Panels Ci and Cii are 2-D reconstructions from stacks of images
captured from an animal pole view. In panel Ci, arrowheads indicate normal VAMP-2 labeling between the fully apposed daughter cells in a control embryo, while in
panel Cii the asterisks indicate cleavage furrows in the 2-APB-treated embryos that failed to deepen.
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side-effect of the 2-APB treatment that was not related to
[Ca2+]i modulation. Treatment with nifedipine or ω-conotoxin
at concentrations (i.e., 40 μM and 1.2 μM, respectively) above
their reported effective concentrations (Reynolds et al., 1986;
Spedding and Paoletti, 1992) had no significant effect on
VAMP-2 immunolabeling of the furrow region (compare the
regions indicated with arrowheads in Fig. 2Avii and Fig. 2Aix,
with those in the DMSO-treated control embryo shown in Fig.
2Ai). Again, these results are quantitatively displayed in Fig.
2Bi. Embryos treated with a low concentration of either 2-APB
or DBB (i.e., 25 μM and 130 μM, respectively) also exhibited asignificant reduction in VAMP-2 immunolabeling, which was
quantified during the first division (data shown in Fig. 2Bi). Fig.
2C shows that with furrow deepening and VAMP-2 vesicle
fusion inhibited, the 2-APB-treated embryos continued to
undergo karyokinesis without division of the cytoplasm, thus
resulting in a syncytium displaying multiple nuclei as well as
intra-nuclei regions free of VAMP-2 immunolabeling (compare
regions marked by asterisks in Fig. 2Cii with the immunolabel-
ing indicated by arrowheads in the untreated control embryo
shown in Fig. 2Ci). These results suggest that VAMP-2 vesicle
fusion may be one of the downstream events regulated by the
IP3R-generated, furrow deepening Ca
2+ transient.
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Cortical actin remodeling is one of the major events in
cytokinesis, being required for the formation of a contractile
apparatus to temporarily separate the cytoplasm of dividing
cells before daughter cells are permanently separated by
remodeling and stabilization of the plasma membrane. During
the process of furrow positioning, the contractile band appears
as a distinct modular structure, consisting of a longitudinal array
of aligned actin patches (see Fig. 3Di). We suggest that this
represents the contractile band in a nascent form, and prior to
the generation of any significant coordinated contractile force.
During furrow deepening, the nascent contractile band is
remodeled into a dense bundle of longitudinal actin cables that
run parallel to the cleavage plane at the base of the deepening
cleavage furrow (see arrows in Figs. 3Ai to Aiii, and Dii). The
longitudinal nature of the bundle of actin cables can be seen
more clearly at higher magnification (see Fig. 3Aiii).
We also report the presence of a pair of distinct remodeled
cortical actin domains, which have been termed “pericleavage
F-actin enrichments” (PAEs; Urven et al., 2006). These form on
both sides of the contractile band (brackets, Fig. 3Aii) during
furrow deepening. The PAEs have a distinct, dense punctate
appearance (see Fig. 3Aiv) and can thus be easily distinguished
from the linearly-orientated, bundled cable-like structure of the
contractile band. There are also conspicuous, relatively narrow,
actin-free regions lying between the contractile band and the
PAEs on either side, supporting the proposition that these are
distinct structures with separate functions. A second pair of
lateral, actin-free domains lie between the PAEs and the general
cortical actin outside the deepening furrow, thus defining their
lateral extremities (see Figs. 3Ai and Aii). Formation of the
PAEs is a dynamic process and these structures only become
apparent when furrow deepening has progressed to a significant
degree, thus suggesting that these structures might play some
direct role in the deepening process.
We also investigated the action of two actin modulators,
cytochalasin B (CB; 10.4 μM) and latrunculin A (Lat-A; 2 μM),
on the remodeling of the actin-based structures during furrow
deepening. CB, reported to cap the plus ends of actin filaments
and thus have a greater effect on labile actin networks than on
more stable F-actin structures (Foissner and Wasteneys, 2007),
caused a small but significant narrowing of the contractile band
(see arrows in Figs. 3Bii and Biii, and Fig. 3C) as well as a
significant disruption of the forming PAEs (see brackets in Figs.
3Bii to Biv). Over time, the cleavage furrow in CB-treated
embryos completely regressed, leaving both a disrupted
contractile band and highly abnormal PAEs in the blastodisc
cortex (see arrows and brackets, respectively, in Figs. 3Bii to
Biv). Lat-A, which promotes actin disassembly by sequestering
G-actin monomers (Foissner and Wasteneys, 2007), also caused
an eventual complete regression of the cleavage furrow. It had,
however, a more disruptive effect on the structure of the
contractile band, where the actin rafts did not compact together,
nor did they coalesce to form actin cables, thus there was no
cable-bundling to form a compact contractile structure (see
arrow in Fig. 3Bvi). By late furrow regression, however, thehighly abnormal contractile band had disassembled to the point
where it could no longer be seen as a distinct structure (see Figs.
3Bvii and Bviii). Compared with CB, Lat A-treatment had a
different but equally dramatic effect on the morphology of the
PAEs. These did not form as the dense punctate structures
displayed in the control embryos (compare Fig. 3Bv with Fig.
3Aiii), but appeared as more loosely organized punctate
regions, which extended out laterally on either side of the
abnormal contractile band to a much greater degree when
compared with the controls (see brackets in Figs. 3Bvi to Bviii).
This lateral expansion of the PAEs was apparent even when the
cleavage furrow had fully regressed (see Fig. 3Bviii).
Actin remodeling during cytokinesis requires intracellular
Ca2+
To further investigate the possible roles of localized
increases in intracellular Ca2+ on cleavage furrow deepening,
experiments were performed to examine the effect of treating
embryos with high concentrations of 2-APB or DBB (i.e., 1 mM
and 650 μM, respectively) on actin remodeling during
cytokinesis in zebrafish embryos. 2-APB-treatment caused a
failure of the actin cables to bundle and compact (see arrow in
Fig. 3Bx) resulting in the formation of a contractile band that
was slightly, but significantly (at pb0.001), wider than that in
the control embryos (see Fig. 3C). This treatment also caused a
degree of contractile band disassembly, but the structure was
still visible as a distinct entity when the furrow had fully
regressed (see arrow in Fig. 3Bxii). Treatment with 2-APB also
resulted in a complete failure of PAE formation (see Figs. 3Bix
to Bxii).
DBB-treatment initially resulted in a contractile band that
was approximately four times wider than in the untreated
controls (see arrow in Figs. 3Bxiv and Fig. 3C). Contractile
band-associated actin patches still coalesced to a certain extent
to form long actin cables (as indicated by the arrow in Fig.
3Bxiv) but these cables failed to properly bundle and compact
to form a normal, dense contractile band. During late furrow
regression, the abnormal contractile band disassembled over
time, such that when regression was complete it could no longer
be clearly distinguished as a noticeable structure (see Fig.
3Bxvi). DBB-treatment also led to the formation of reduced and
highly disorganized PAEs during early furrow regression (see
brackets in Fig. 3Bxiv). However, by late-to-complete furrow
regression, the abnormal PAEs appeared to have dissipated and
were no longer visible as distinct structures (see Figs. 3Bxv and
Bxvi). Our new data thus suggest that contractile band
remodeling (i.e., the switch from discrete actin rafts to
linearly-arranged, compact bundles of actin cables) requires a
localized elevation in intracellular Ca2+. Furthermore, our data
also suggest that the formation of the PAEs is also dependent on
the same localized rise in Ca2+, and that both of these actin
remodeling processes are essential for furrow deepening and
stabilization.
When embryos were treated with a low concentration of 2-
APB (i.e., 25 μM) shortly following the appearance of the 1st
cleavage furrow, deepening of this furrow was inhibited, while
Fig. 3. Intracellular Ca2+ is required for actin remodeling during cytokinesis. Representative top views of fixed embryos labeled with rhodamine–phalloidin that were
(A) untreated (control) or (B) treated with 10.4 μM cytochalasin B; 2 μM Latrunculin A; 1 mM 2-APB or 650 μM DBB. In the case of the control (A), images are
shown in the region of the first cleavage furrow during late deepening. Panels Aii and Aiii are magnified views of the white boxes marked on panels Ai and Aii,
respectively. Panel iv is a magnified view of the region shown with an asterisk in panel Aiii. White arrows and brackets indicate the contractile band and the PAEs,
respectively. The schematic (panel Av) indicates the location within the embryo of the stack of 2-D image sections used to reconstruct the images shown in A and B.
(B) In the case of the various drug treatments, images were acquired during early regression (panels i, ii, v, vi, ix, x, xiii and xiv), late regression (panels iii, vii, xi and
xv) and on complete regression (panels iv, viii, xii and xiv). Panels ii, vi, x and xiv are magnified views of the white boxes marked on panels i, v, ix and xiii,
respectively. Again, the white arrows and brackets indicate the contractile bands and the PAEs, respectively. (C) Measurement of the contractile band width in
cytochalasin B, 2-APB and DBB-treated embryos during early furrow regression. Treatment with cytochalasin B had a significant effect on reducing the width of the
contractile band compared to the control, whereas 2-APB and to a much greater degree, DBB, had the opposite effect and significantly increased the width of the band.
Data presented are averaged values±S.E.M. with n=3 to 5. * indicates values of contractile band width that are significantly different from the control (at pb0.05 for
the CB- and 2-APB-treated embryos, and pb0.001 for the DBB-treated embryos). (D) Actin remodeling defects in embryos treated with a low concentration of 2-
APB. Representative top views of fixed embryos labeled with rhodamine–phalloidin during: furrow positioning (panel i) and furrow deepening (panel ii) of the second
cleavage in untreated (control) embryos; and at the end of the second cleavage (panels iii and iv) following treatment with 25 μM2-APB shortly after the appearance of
the first cleavage furrow. Panel iv is a magnified view of the white box in panel iii. In panels i and ii, the arrows indicate the actin rafts and compact contractile band,
respectively, which occur during normal cleavage, while the arrowheads in panel ii indicate the PAEs on either side of the contractile band. In panels iii and iv, the
numbers (1 and 2) indicate the first and second cleavage furrows, while the arrows indicate the abnormal contractile bands that are visible in the blastoderm cortex
following low-concentration 2-APB treatment.
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236 W.M. Li et al. / Developmental Biology 316 (2008) 228–248positioning of subsequent furrows appeared to be unaffected, as
indicated by the appearance in the cortex of the contractile
bands of the 2nd cleavage furrows (indicated by the number 2;
see Fig. 3Diii). At higher magnification (Fig. 3Div), however,
these contractile bands appeared to be abnormal where although
actin patches were still observed to form, they were never seen
to coalesce into elongated actin bundles. Actin patches of the
2nd cleavage furrows were never seen in embryos treated with
high concentrations of either 2-APB or DBB (see Figs. 3Bxii
and Bxvi, respectively). Furthermore, compared with the
untreated (control) embryos (see Figs. 3Di and Dii), there
were no visible signs of any PAEs in the 2-APB-treated
embryos (see Fig. 3Diii).
Effect of cytochalasin B and latrunculin A on VAMP-2 vesicle
fusion
When VAMP-2 immunolabeling was examined in embryos
treated with either CB (i.e., 10.4 μM) or Lat-A (i.e., 2 μM), it
was found that CB had a significant inhibitory effect on VAMP-
2 vesicle fusion (compare the degree of immunolabeling
indicated by arrowheads in Fig. 4Ai with that in Fig. 4Bi).
Lat-A-treatment, on the other hand, appeared to have little
inhibitory effect on vesicle fusion, as indicated by the extensive
degree of VAMP-2 labeling following treatment (see arrow-
heads in Fig. 4Ci). These differences were also apparent when
the furrows in CB and Lat-A-treated embryos had fully
regressed (see Figs. 4Bii and Cii).
VAMP-2 vesicle labeling co-localizes with the PAEs
To further investigate the relationship between VAMP-2-
labeled vesicles and the formation of the PAEs, VAMP-2-EGFP
was transiently expressed in embryos. These embryos were then
fixed at different stages during the latter part of cytokinesis (i.e.,
during early deepening, late deepening and furrow apposition),
and labeled with rhodamine–phalloidin to examine the relation-Fig. 4. Effects of cytochalasin B and latrunculin A on VAMP-2 immunofluorescence
furrow region in representative control embryos during late deepening and full app
and C (i and ii) show VAMP-2 labeling (see arrowheads) in embryos treated with 10
periods as the controls. In both these cases the cleavage furrows are either in the
Bii and Cii).ship between VAMP-2 and F-actin. During early deepening
(Fig. 5A), VAMP-2–EGFP was localized only to vesicles,
which showed no preferential distribution with respect to the
furrow (Fig. 5Ai). Labeling with rhodamine–phalloidin at this
stage revealed a nascent actin contractile band at the base of the
cleavage furrow (see arrow in Figs. 5Aii and Avi), as well as an
absence of PAEs. An image overlay revealed no co-localization
of VAMP-2–EGFP with any of the actin-based structures (see
Figs. 5Aiii and Avii). During late deepening (Fig. 5B) VAMP-
2–EGFP labeling was found to be localized not only in the
vesicles, but also to sheet-like membrane regions on either side
of the deepening cleavage furrow (see red arrowheads in Figs.
5Bi and Bv). Rhodamine–phalloidin labeling clearly indicated
the presence of PAEs on either side of a compact contractile
band (see white arrowheads and arrows, respectively, in Figs.
5Bii and Bvi). An overlay of VAMP-2–EGFP and rhodamine–
phalloidin labeling indicates a high degree of co-localization
between the VAMP-2 labeling and the PAEs (see yellow
arrowheads in Figs. 5Biii and Bvii). During furrow apposition
(Fig. 5C), VAMP-2–EGFP labeling was distributed in both
vesicles and regions of the daughter plasma membranes on
either side of the narrowing furrow gap (see red arrowheads in
Figs. 5Ci and Cv), a location where PAE-derived actin is also
highly concentrated (see white arrowheads in Figs. 5Cii and
Cvi). This high degree of co-localization is indicated by yellow
arrowheads in Figs. 5Ciii and Cvii.
Figs. 5Di to Dvi illustrate the dynamics of actin remodeling
shown in a single confocal section taken from a facial view
during apposition of the 1st cleavage furrow. In this case,
rhodamine–phalloidin (again shown in red) was injected at a
low concentration (∼0.14 μM) into a live embryo. White
arrowheads show the PAEs on either site of the apposing
furrow, while the blue arrowheads (in Figs. 5Di and Dii)
indicate actin-rich, finger-like structures that project across the
furrow gap during deepening, and appear to play a role in
furrow apposition (see supplemental Movie #1). The arrows in
Figs. 5Diii to Dvi indicate the location of the contractile band.. Panel A illustrates the extent of VAMP-2 immunofluorescence labeling of the
osition (see arrowheads in panels Ai and Aii, respectively). Panels B (i and ii)
.4 μM cytochalasin B and 2 μM latrunculin A, respectively, at equivalent time
process of regressing (see panels Bi and Ci) or are fully regressed (see panels
Fig. 5. VAMP-2-EGFP labeling and actin remodeling during furrow deepening and apposition. (A to C) Embryos were fixed during (A) early and (B) late deepening,
as well as during (C) apposition of the 1st cell division to monitor the redistribution of VAMP-2-EGFP labeling (green; panels i and v), F-actin remodeling (red; panels
ii and vi), and any potential co-localization between the two (panels iii and vii). Panels Ai to Aiii and Bi to Biii are stacks of confocal sections that have been projected
as a single image, while panels Ci to Ciii are single optical sections taken from image stacks as these showed the labeling more clearly. Panels Av to Avii, Bv to Bvii
and Cv to Cvii represent side projections in the x–z plane of the corresponding x–y plane stack projections. Red, white and yellow arrowheads indicate VAMP-2-
EGFP labeling of the furrow membrane, the PAEs and the overlap between the two, respectively, while the white arrows indicate the contractile band. Panels Aiv, Biv
and Civ illustrate schematics of embryos to show where the optical stacks (used to construct the images shown in panels A and B) or single sections (used for the top
projection images shown in panels Ci to Ciii) were obtained from within the dividing embryo. (D) Time-series of single confocal sections showing the dynamics of
actin remodeling in a representative embryo undergoing 1st cleavage, imaged from a facial view. Images are of live embryos injected with low concentrations of
rhodamine–phalloidin. The contractile band and PAEs are indicated by white arrows and arrowheads, respectively, while the finger-like projections that extend from
the PAEs are indicated by blue arrowheads.
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deepened furrow, but as apposition continues in an upward
direction, the contractile band becomes isolated and buried deep
in the apposed furrow. As a result of the furrow apposition
process, the PAEs from both sides of the furrow eventually
become closely aligned (see arrowhead in Fig. 5Dvi), resulting
in the apposed furrow regions being strongly labeled with actin.
This is also clearly shown in Fig. 5Cii.VAMP-2 vesicle fusion and PAE formation is inhibited by the
calpain inhibitor, PD 150606
Our finding that the location of the VAMP-2 membrane
labeling and that of the PAEs show a high degree of co-
localization, suggests that there may be some functional
relationship between the two. Moreover, our finding that PAE
formation and VAMP-2 vesicle fusion are both inhibited by 2-
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Ca2+ released from IP3Rs might be a common regulator of these
events. As it has been reported that the actin remodeling
involved in various cellular processes (including cell migration,
granule secretion and cell adhesion) is regulated by calpains, a
family of Ca2+-dependent proteolytic enzymes (Potter et al.,
1998; Mazeres et al., 2006; Turner et al., 2007), we investigated
the potential role of calpains in PAE formation and VAMP-2
vesicle fusion by treating embryos with the non-peptide calpain
inhibitor, PD 150606 (at 250–500 μM; see Fig. 6). As a control,
we treated a second batch of embryos with the general protease
inhibitor, leupeptin (at 675 μM; Lee et al., 2000). Both sets of
embryos were then examined for membrane remodeling via
VAMP-2 immunolabeling. Leupeptin-treated control embryos
showed normal 1st, 2nd and 3rd cleavages (see Figs. 6Ai and
Aii, and compare Fig. 6Ai with the DMSO-treated control
embryo shown in Fig. 1Aii). In PD 150606-treated embryos,
however, cleavage furrows were positioned, propagated and
deepened normally but failed to appose, resulting in blasto-
meres with a rounded appearance (see Figs. 6Bi and Bii).
Embryos treated with PD 150606 also displayed defects in
VAMP-2 vesicle fusion, as indicated by a significantly reduced
level of VAMP-2 immunolabeling in the furrow region when
compared with the leupeptin control (compare the regions
marked by arrowheads in Figs. 6Biii and Biv, with those in Figs.
6Aiii and Aiv). Furthermore, when these embryos were
assessed for actin remodeling, it was found that normal PAEs
flank the contractile band in the leupeptin-treated control
embryos (see brackets in Fig. 6Av) but appear to be highly
disrupted in the PD 150606-treated embryos (see brackets in
Fig. 6Bv). In both the leupeptin- and PD 150606-treated
embryos, however, the contractile band appeared to form
normally (see arrows in Figs. 6Av and Bv). Figs. 6Avi and Bvi
show line-scans across the furrow region in the leupeptin and
PD 150606-treated embryos, respectively. The profiles clearly
show the PD 150606-induced disruption of the PAEs as well as
its lack of effect on the contractile band width. Fig. 6CFig. 6. VAMP-2 vesicle fusion and PAE formation is inhibited by the calpain
inhibitor, PD 150606. Embryos were treated with either the general protease
inhibitor, leupeptin (675 μM) as a control (see panel A) or the calpain inhibitor,
PD 150606 (at 250 to 500 μM; panel B). Brightfield images were captured at the
beginning of the second cleavage (panels Ai and Bi) and completion of the third
cleavage (panels Aii and Bii). Selected embryos were fixed for either VAMP-2
immunolabeling during the first cleavage (see panels Aiii and Biii), and at the
completion of the second cleavage (see panels Aiv and Biv), or for F-actin
labeling using rhodamine–phalloidin during the first cleavage (see panels Av
and Bv). VAMP-2 labeling is indicated by white arrowheads, while the
contractile bands and PAEs are indicated by white arrows and brackets,
respectively. Panels Avi and Bvi are actin staining intensity line-scans (taken at
the positions indicated by the dashed lines in panels Av and Bv). Panels Aiii to
Av and Biii to Bv are 2-D images reconstructed from stacks of images captured
from an animal pole view. (C) The degree of VAMP-2 vesicle fusion was
quantified during late deepening of the 1st cleavage and presented as averaged
fusion area±S.E.M. (n≥5 for each treatment). One-way ANOVA was
performed for statistical analysis. The Neuman–Keuls multiple comparison
test was performed as a post-hoc analysis. * indicates significant differences
compared to the leupeptin-treated controls (at pb0.001). Embryos treated with
brefeldin A (190 μM), an inhibitor of membrane trafficking from the Golgi, were
included as a control for the inhibition of vesicle fusion.
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deepening furrow membrane labeled with VAMP-2 immuno-
fluorescence that results from PD 150606 treatment. Embryos
were also treated with 190 μM brefeldin A, a general inhibitor
of membrane trafficking from the Golgi (Bershadsky and
Futerman, 1994). Brefeldin A blocks membrane trafficking by
inhibiting ADP-ribosylation factor 1, which is required for the
formation of transport vesicles from the Golgi membrane (Tsai
et al., 1993). Previous work in Drosophila melanogaster and
Caenorhabditis elegans has demonstrated that the completion
of cytokinesis is sensitive to brefeldin A treatment, indicating
the essential role of Golgi-derived membrane trafficking in
cytokinesis (Sisson et al., 2000; Skop et al., 2001). In this study,
brefeldin A treatment was expected to inhibit membrane
addition and was thus used as a positive control for inhibition
of VAMP-2 accumulation at the cleavage furrow. Both PD
150606- and brefeldin A-treatment resulted in a significant (at
pb0.001) reduction in the area of VAMP-2 immunolabeling
in the deepening cleavage furrow (Fig. 6C).
Kif23 is required for VAMP-2 vesicle recruitment
VAMP-2 vesicle recruitment to the cleavage furrow was
previously shown to be dependent on furrow microtubule arrays
(FMAs; Li et al., 2006). In this study, we examined the role of
kif23, a homologue of mitotic kinesin-like protein 1 (MKLP1)
in the transport of VAMP-2 vesicles along microtubules during
cytokinesis. Here, we show in a time-series experiment that
transiently expressed kif23–EGFP was recruited to the cleavage
furrow of dividing blastomeres and was colocalized with
microtubules as the furrow deepened (Figs. 7Ai to Av, and
supplemental Movie #2). Kif23–EGFP accumulation to the
furrow plane was detectable as early as anaphase (Fig. 7B) and
lasted through telophase and interphase (Figs. 7C and D,
respectively). During interphase, kif23–EGFP accumulated into
one localized spot with the concurrent bundling of the FMAs
(Figs. 7Di to Div). The spot-like appearance of kif23–EGFP
between daughter cells can be seen in an embryo that hadFig. 7. Enhanced-GFP kinesin-like protein (kif23-EGFP) localization during
cytokinesis in zebrafish embryos. Kif23-EGFP is indicated in green and
rhodamine–tubulin labeling is in red. Panels Ai to Av illustrate a time-series of
kif23-EGFP recruitment to the cleavage furrow during deepening of the 3rd cell
division cycle. Panel Avi shows a magnified view of the region indicated with a
white box in panel Aii, which suggests that kif23-EGFP is colocalized with
microtubules. Kif23-EGFP recruitment to the future cleavage plane begins at
anaphase (see panel B) and lasts through telophase (see panel C) and interphase
(see panel D), at which time the furrow undergoes apposition. During
interphase, microtubule bundling is temporally and spatially associated with
the convergence of kif23-EGFP fluorescence into a spot, which is located
between adjacent daughter cells. This process is illustrated in a time-series (see
panels Dii to Div) taken from the area indicated by the white box shown in panel
Di. During the late Cleavage Period of zebrafish development, many kif23-
EGFP spots can be seen between daughter cells (see white arrowheads in panel
E). Panels F and G illustrate the ring-like localization of kif23-EGFP
surrounding the microtubule bundle that still connects daughter cells during
the late stage of cytokinesis. The ring-like structure eventually constricts leaving
a characteristic single kif23-EGFP spot between daughter cells, as illustrated in
panel Div.undergone several cell divisions (Fig. 7E). The ring-like
distribution of kif23–EGFP at the cleavage furrow can be
seen in embryos imaged from both side and oblique facial views
(see Figs. 7F and G, respectively).
In order to determine the timing of kif23 recruitment relative
to that of VAMP-2 vesicles, we transiently co-expressed EGFP-
tagged kif23 (kif23–EGFP) and VAMP-2 (which was labeled
with HaloTag; VAMP-2-HT) in live zebrafish embryos, and
monitored the distribution of both fusion proteins during
cytokinesis (Fig. 8A and supplemental Movie #3). During
Fig. 8. Recruitment of VAMP-2 vesicles to the cleavage furrow requires kif23. Transient expression of kif23-EGFP (green) and VAMP-2-HT (red) in live embryos. (A)
Time-series showing the temporal and spatial relationship between the recruitment of both kif23-EGFP and VAMP-2 to the furrow region in a representative zebrafish
embryo undergoing cleavage at the 64- to 128-cell stage. The recruitment of kif23-EGFP to the cleavage furrow plane is indicated by yellow arrowheads (see panels
Aii to Av) while the appearance of VAMP-2 labeling in the new furrow membrane is indicated by white arrowheads (see panels Aiv and Av). (B and C) Embryos were
injected at the single cell stage with mRNA encoding either functional kif23-EGFP or a dominant-negative form of kif23 (kif23-trnc-EGFP), and were then fixed at the
8-cell stage for subsequent VAMP-2 immunofluorescence analysis. Panel Bi clearly indicates that kif23-EGFP is recruited to the cleavage furrow during the onset of
furrow deepening (see yellow arrowhead in panel Bi and yellow bracket in panel Bi′). This coincides with the recruitment of VAMP-2 vesicles, which are concentrated
at the furrow as shown in panel Bii (see white arrowheads in panels Bii and Bii′). Panel Biii indicates a normal blastoderm with mononucleate cells and characteristic
kif23-EGFP spots between daughter cells that have successfully completed cytokinesis. Panel Ci on the other hand clearly shows that kif23-trnc-EGFP fails to be
recruited to the cleavage furrow during furrow deepening and has a dominant-negative effect on VAMP-2 vesicle recruitment to the deepening furrow, as shown in
panel Cii. This leads to a failure of normal cytokinesis during the late cleavage period as shown by the presence of multiple syncitial nuclei and an abnormal
distribution of kif23-trnc-EGFP (see panel Ciii). Images shown in panels B and C are reconstructed 2-D images from stacks of images captured from the top view of
blastomeres undergoing 3rd cleavage. Panels Bi′ and Ci′ are the y–z plane images of panels Bi and Ci, respectively, while panels Bii′ and Cii′ are the x–z plane images
of panels Bii and Cii, respectively.
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well as at the fully apposed cleavage furrows marking the cell
boundaries, while kif23-EGFP was mostly distributed in the
cytoplasm and not easily detected (Fig. 8Ai). When cells
underwent cytokinesis, kif23-EGFP was found to accumulate at
the furrow plane (see yellow arrowheads in Fig. 8Aii) before the
appearance of VAMP-2-HT labeling (see white arrowheads in
Fig. 8Aiv). Our data thus suggest that VAMP-2-HT vesicle
recruitment appeared to be spatially correlated with the
accumulation of kif23-EGFP at the furrow plane. Furthermore,
the timing of the appearance of both fluorescent labels at the
furrow plane suggests that VAMP-2-HT vesicle recruitment
may result from kif23-EGFP accumulation.
To further explore the functional relationships between kif23
and VAMP-2 vesicle recruitment, we transiently expressed adominant-negative variant of kif23 (kif23–Trnc–EGFP) and
studied its effect on VAMP-2 vesicle recruitment and cytokin-
esis, compared with that in a kif23-EGFP control (see Figs. 8B
and C). Kif23–Trnc–EGFP was generated by removing the first
275 amino acids at the N-terminus, thus removing the motor
domain. This resulted in the inability of the truncated kif23 to be
recruited to the cleavage furrow (compare Figs. 8Ci and Ci′
with the control embryo shown in Figs. 8Bi and Bi′, where
kif23-EGFP labeling is indicated by a yellow arrowhead and
brackets, respectively). Subsequent VAMP-2 immunohisto-
chemical analysis indicates that these embryos also failed to
accumulate vesicles at the deepening furrow (compare Figs.
8Cii and Cii′ with the control embryo shown in Figs. 8Bii and
Bii′, where VAMP-2 labeled vesicle accumulation is indicated
by white arrowheads). Embryos expressing kif23–Trnc–EGFP
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continued (compare the multi-nucleate blastoderm in Fig. 8Ciii
with the control embryo shown in Fig. 8Biii). This suggests that
kif23 acts to transport VAMP-2 vesicles to the furrow as part of
the furrow membrane remodeling process, which is essential for
successful cytokinesis.
Kif23 recruitment to the cleavage furrow is Ca2+ dependent
As shown in the previous section, kif23 accumulation at the
furrow region is a dynamic process and is critical for VAMP-2
vesicle recruitment and membrane remodeling. To explore theFig. 9. Kif23 recruitment to the cleavage furrow is dependent on Ca2+ released via IP
cleavage furrow of embryos at the 16–32 cell stage. Embryos transiently expressing k
(red label) were either untreated (see panels Ai to Av) or treated with a low concentrat
was recruited to the rhodamine–tubulin labeled microtubules during anaphase, at whic
a 50 mW argon–ion 488-nm laser source (for 20 consecutive scans with a scan spe
recovery of kif23-EGFP fluorescence in the photobleached area. (C) Schematic to ind
course of the recovery of kif23-EGFP fluorescence following photobleaching in the m
panels A and B, respectively. (E) Comparison of the recovery index (RI) of kif23-EGF
treated embryos. Data presented are averaged percentages of the RI±S.E.M. where n
* indicates values that are significantly different from the control (at pb0.001).possible involvement of Ca2+ in regulating kif23 recruitment,
fluorescence recovery after photobleaching (FRAP) was
performed in order to analyze the effects of treatment with the
IP3R antagonist, 2-APB. As shown in the control embryos
(Figs. 9A and D), loss of kif23-EGFP fluorescence due to
photobleaching could be recovered in the time-scale of seconds
and reached a maximum within ∼3 min. Significant fluorescent
recovery could be achieved in the control embryos due to
continual kif23-EGFP recruitment in the time-frame measured
(see Figs. 9D and E). These results indicate that kif23-EGFP
recruitment is a highly dynamic process. Following photo-
bleaching in the presence of a low concentration of 2-APB (i.e.,3Rs. Panels A and B illustrate FRAP analysis of kif23-EGFP recruitment to the
if23-EGFP (green label) and with microtubules labeled with rhodamine–tubulin
ion (i.e., 25 μM) of 2-APB (see panels Bi to Bv) for FRAP analysis. Kif23-EGFP
h time photobleaching was performed in the area marked by white squares using
ed of ∼4 μs/pixel). Images were then captured until interphase to monitor the
icate the orientation of the optical sections shown in panels A and B. (D) Time-
arked region of the representative control and 2-APB-treated embryos shown in
P fluorescence at the cleavage furrow after photobleaching in control and 2-APB
=4 or 5 in each group. The Student's t-test was performed for statistical analysis.
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diminished recovery of kif23-EGFP fluorescence (see Figs.
9Bii to Bv and compare Figs. 9Bv with Av). This is also
illustrated in Fig. 9D, when the % recovery of kif23-EGFP
fluorescence was plotted against time, and in Fig. 9E, when the
% recovery index (RI; i.e., the maximum % recovery reached
within the same cell cycle) for the control and 2-APB treatment
was plotted. With regards to the latter, the % RI in the 2-APB
treated embryos was significantly lower (at pb0.001) than that
of the untreated control (see Fig. 9E). Figs. 9A and B also show
that the FMAs do not appear to be affected by the
photobleaching process or by 2-APB treatment. These experi-
ments suggest that the furrow deepening Ca2+ transient, which
is generated by Ca2+ release via IP3Rs, may also act to regulate
the recruitment of kif23 to the cleavage furrow, in addition to its
proposed role in actin remodeling and vesicle fusion.
Discussion
Cytokinesis has a lower Ca2+ requirement than karyokinesis
We confirm that Ca2+ release via IP3Rs is essential for the
successful completion of a number of events that constitute
cytokinesis in zebrafish embryos. In addition, our results
suggest that the regulation of various steps in the cell cycle may
require different degrees of Ca2+ release. Treatment with a low
concentration of 2-APB or DBB results in an inhibition of
furrow deepening without blocking nuclear division or
subsequent furrow positioning (Figs. 1C, D and 3D). On the
other hand, higher concentrations of 2-APB or DBB result in an
inhibition of nuclear division, as well as all the subsequent steps
in the cell division process (Fig. 1D). These observations imply
that although Ca2+ is released from the same intracellular store
via the same mechanism (i.e., IP3Rs), karyokinesis and
cytokinesis may be regulated by distinct Ca2+ requirements
that reflect the different sensitivities of their cytosolic targets. A
similar situation has been reported from sea urchin embryos in
response to Li+ treatment, where low concentrations were
reported to inhibit cytokinesis without blocking mitosis entry
(Becchetti and Whitaker, 1997). Thus, our results support the
idea suggested by Becchetti and Whitaker (1997) that
progression through the sequential steps of the cell cycle
require critical levels of IP3 as well as its downstream response:
an increase in [Ca2+]i. Having a higher Ca
2+ requirement for
karyokinesis would serve as a safeguard mechanism to ensure
cytoplasmic division occurs only after successful chromosome
separation. Imaging studies in zebrafish, however, have not as
yet revealed any localized increase in [Ca2+]i associated with
karyokinesis. In the case of aequorin-based studies, this might
be explained by there being too few aequorin molecules in the
restricted volume of the nucleus, thus generating insufficient
signal for detection. Where fluorescent confocal microscopy
has been applied, investigators may have failed to include the
nuclear region at the critical time in their optical sectioning
protocols, through being more interested in the Ca2+ signaling
activity in the cortex. Reinhard et al. (1995) did use a nuclear
targeted Ca2+ indicator, NuCa-Green, to image from the 4-cellstage to the end of the Blastula Period in zebrafish embryos, but
did not report any specific signals associated with cell cycle
events. Ca2+ transients have, however, been reported to
accompany karyokinetic events in other systems such as
echinoderms (Poenie et al., 1985; Ciapa et al., 1994; Brown
et al., 1996; Groigno and Whitaker, 1998; reviewed in
Whitaker, 2006).
Actin and membrane remodeling during cytokinesis
Using rhodamine–phalloidin to label F-actin in fixed
embryos, our results show that actin remodeling begins with
the recruitment of actin patches to the future cleavage plane
during furrow positioning and propagation (Fig. 3Di). This
would appear to be a process somewhat similar to that
previously reported from dividing Xenopus embryos (Noguchi
and Mabuchi, 2001). At the onset of furrow deepening, the
modular actin patches are reorganized to form distinct actin
cables, which are then bundled together to form a compact
contractile band. Cable formation and bundling appear to be
Ca2+-dependent as treatment with either 2-APB or DBB lead to
a failure of these two crucial processes, resulting in a failure of
cytokinesis (see Figs. 3Bxii and Bxvi). During furrow
deepening, we also observed and confirmed the formation of
a pair of distinct actin-based structures, which have been
previously termed “pericleavage F-actin enrichments” (PAEs;
Urven et al., 2006). These form within the cortex of the
deepening furrow on either side of the contractile band and have
a distinct punctate appearance (Fig. 3Aiv). We demonstrate that
the remodeling of cortical actin in the PAEs is also Ca2+-
dependent and that the formation of these structures is essential
to the successful completion of cytokinesis in zebrafish
embryos. Our new data also demonstrate that during late
deepening and subsequent apposition of the furrow, the PAEs
co-localize with the region where VAMP-2-labeled vesicles
fuse with the deepening furrow membrane (see Figs. 5B and C),
suggesting that these actin-based structures may play a role in
the SNARE-mediated vesicle fusion events that have been
reported to be essential for the successful completion of
embryonic cytokinesis in zebrafish (Li et al., 2006). Further-
more, we report that disruption of the PAEs with a non-peptide
calpain inhibitor PD 150606, also abolishes VAMP-2-fluores-
cence redistribution to the furrow membrane (Fig. 6). This
failure of VAMP-2-labeled vesicle fusion results in significant
defects in furrow apposition and the formation of rounded
blastomeres (Fig. 6B). These results suggest that calpains might
play a key role in the control of actin dynamics within the PAE
zones, and that this function is essential to the regulation of
vesicle docking and/or fusion, which is required to deliver new
membrane and adhesion molecules to the furrow surface as a
pre-requisite for furrow stabilization and apposition.
In our current study, actin was also labeled in live embryos
by microinjecting rhodamine–phalloidin at a low concentration,
a protocol used successfully in a variety of cell types (O'Connor
and Bentley, 1993; Meindl et al., 1994; Hird, 1996; Krendel and
Bonder, 1999). Such rhodamine–phalloidin-injected zebrafish
embryos divide and develop normally, and as a result, they can
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cytokinesis. Time-lapse confocal imaging analysis using this
protocol shows that the PAEs form in regions of the furrow
where the plasma membrane is highly dynamic, and where
finger-like projections can be seen to extend across the furrow
gap between daughter cells (see Fig. 5D). This suggests that in
addition to modulating vesicle fusion events in the deepening
furrow, these actin-based structures might also function in a
manner similar to that found in lamellipodia and filopodia,
where actin remodeling serves to project plasma membrane
extensions (Pollard and Borisy, 2003; Carlier and Pantaloni,
2007).
The effects of CB and Lat-A treatment on both the contractile
band and the formation of the PAEs reflects the reported action
of these two actin modulating agents, i.e., CB is more effective
against forming, rather than formed structures, while Lat-A both
inhibits the polymerization of actin monomers and promotes
depolymerization of actin filaments (Foissner and Wasteneys,
2007). Thus, as illustrated in Fig. 3B, although cytokinesis is
inhibited and the cleavage furrow regresses following both
treatments, each treatment produces characteristic results with
respect to the status of the actin-based structures when the drugs
were administered. CB has little effect on the already formed
contractile band but the forming PAEs are more vulnerable, and
as a result their morphology is highly disrupted (see Figs. 3Bi to
Biv). On the other hand, Lat-A treatment leads to a severe
disruption of the contractile band where the modular F-actin
patches fail to coalesce into elongated actin cables and thus
never bundle-up as a compact structure (see Figs. 3Bv to Bviii).
Lat-A treatment also results in a characteristic abnormality in
the formation of the PAEs, where they appear less compact and
display a greater degree of lateral expansion. Their function-
ality, however, with respect to VAMP-labeled vesicle fusion,
does not appear to be lost, which certainly is the case following
CB-treatment (compare Figs. 4B and C with the untreated
control shown in Fig. 4A).
Multiple roles of Ca2+ during cytokinesis
In this study, we have demonstrated that actin remodeling at
the cleavage furrow is one of the major cytokinetic events that is
substantially perturbed by preventing a localized rise in
intracellular Ca2+. More specifically, following treatment with
2-APB, heparin and the SERCA pump inhibitor, thapsigargin, it
is becoming accepted that the rise in [Ca2+]i is generated via
Ca2+ release from an intracellular store (most likely the ER) via
IP3Rs (Chang and Meng, 1995; Chang and Lu, 2000; Lee et al.,
2003). As it has been reported that 2-APB also acts as an
inhibitor of both Ca2+ pumps and store-operated Ca2+ channels
(SOCs; Peppiatt et al., 2003), it cannot be regarded as being a
specific antagonist of IP3Rs. We found, however, that cytokin-
esis was not affected by treatment with MRS 1845 (data not
shown), a reported SOC inhibitor (Harper et al., 2003). This
suggests that Ca2+ entry due to SOC activity is not crucial for
early embryonic cytokinesis, whereas Ca2+ release via IP3Rs is.
Both actin-based structures, i.e., the contractile band and the
PAEs, formed within the previously reported localized zone ofelevated [Ca2+]i (Webb et al., 1997) suggesting that this
environment provides some form of essential stimulus for the
self-assembly of these structures. Blocking the Ca2+ rise with
either DBB or 2-APB indicates that this is indeed the case. The
embryos shown in Fig. 3 were either injected or bathed (with
DBB or 2-APB, respectively) at the onset of the first cell
division. Thus, the contractile band had likely formed before the
buffer or the IP3R antagonist had time to reach a critical
concentration in the cell cortex to completely buffer or block
Ca2+ release (especially in the case of the injected DBB). The
rhodamine–phalloidin staining thus initially reveals the pre-
sence of a contractile band in both Figs. 3Bix and Bxiii. It is
clear, however, that intracellular Ca2+ is required for the
stability and maintenance of this structure, as over time (in both
treatments) the contractile band disassembles and disappears.
The PAEs on the other hand, do not usually form until the
furrow begins to deepen, i.e., ∼6 min after the furrow is
positioned in the blastodisc cortex (at 28 °C; Webb et al., 1997).
During this time, both DBB and 2-APB are able to reach
inhibitory concentrations in the cortex, thus blocking the furrow
deepening Ca2+ transient, and as a result the PAEs never form
(see Figs. 3Bix to Bxii, and Bxiii to Bxvi for the effects of 2-
APB and DBB treatment, respectively). It is also interesting to
note that treatment with a low concentration of 2-APB does not
prevent the actin rafts from forming or from being recruited to
the 2nd cell division cleavage plane in the blastodisc cortex.
Further actin remodeling in the form of cable formation and
bundling is, however, clearly inhibited (see Fig. 3D). This
suggests that later cable-forming and bundling steps in
contractile band assembly may require a larger rise in [Ca2+]i
than actin patch formation and recruitment. Our new data
clearly suggest that cortical actin remodeling, of both the
contractile band and the PAEs, are regulated by the deepening
Ca2+ transient in zebrafish embryos, and that this essential
elevation in intracellular Ca2+ results from a localized release
via IP3Rs.
The finding that the transfer of VAMP-2 fluorescence to the
cleavage furrow membrane is reduced as a result of DDB and
2-APB treatment suggests that vesicle fusion and associated
membrane remodeling may be another downstream function of
the cytokinetic deepening Ca2+ transient (see Fig. 2).
Membrane fusion events in many biological processes such
as neurotransmitter release, secretion, membrane repair and
SNARE-mediated vesicle fusion have been reported to be
regulated by localized increases in [Ca2+]i, and in many cases
from that derived from an extracellular source (Reddy et al.,
2001; Rettig and Neher, 2002; Petersen, 2005; Stojilkovic,
2005). We have previously reported, however, that extracellular
Ca2+ does not appear to play a role in the SNARE-mediated
vesicle fusion and membrane remodeling process during
cytokinesis in zebrafish (Li et al., 2006). Results from our
current study support this conclusion, where treatment with
nifedipine and ω-conotoxin, drugs that are known to inhibit
plasma membrane voltage-sensitive Ca2+ channels, have no
significant inhibitory effect on cytokinesis. On the other hand,
our data clearly indicate that Ca2+ released from an intracellular
store via IP3Rs is required for vesicle fusion and membrane
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previous report from sea urchin embryos where new membrane
addition at the cleavage furrow was shown to require Ca2+
release from heparin-sensitive intracellular stores (Shuster and
Burgess, 2002). It remains to be determined, however, if Ca2+
is a direct regulator of vesicle fusion or whether it mediates its
effect via actin remodeling. Several recent models have been
proposed to accommodate multiple roles for actin in regulating
membrane fusion (Eitzen, 2003; Malacombe et al., 2006). In
the so-called “barrier model”, it has been proposed that Ca2+
may positively regulate membrane fusion via its effects on
Ca2+-dependent F-actin severing proteins such as scinderin
and gelsolin (Rodriguez Del Castillo et al., 1990; Choe et al.,
2002; Marcu et al., 1994; Robinson et al., 1999). Scinderin
has been shown to promote cortical actin disassembly and to
stimulate exocytosis (Vitale et al., 1991; Zhang et al., 1996).
We provide preliminary evidence to suggest that a member of
the Ca2+-dependent calpain family may be involved in the
formation and activity of the PAEs, i.e., in regulating VAMP-
2 vesicle fusion (see Fig. 6B). However, it was recently
reported that overexpression of calpain 6 inhibited, rather than
promoted, cytokinesis in HeLa cells by stabilizing micro-
tubules (Tonami et al., 2007). Alternatively, Ca2+ may directly
regulate VAMP-2 vesicle fusion via Ca2+ sensors localized in
the vicinity of the membrane fusion protein complex.
Our data also demonstrate that another possible functional
role for Ca2+ is to promote the recruitment to the cleavage
furrow of kif23, a kinesin-like protein reported to be essential
for the terminal phase of cytokinesis (Kuriyama et al., 2002;
Matuliene and Kuriyama, 2002; Zhu et al., 2005). We
previously reported that VAMP-2 vesicle recruitment during
zebrafish cytokinesis is dependent on a furrow microtubule
array (FMA; Li et al., 2006) and in this study, we show that
kif23 colocalizes with the FMAs and is required for VAMP-2
vesicle accumulation at the cleavage furrow (see Fig. 8). Using
a low concentration (i.e., 25 μM) of 2-APB, which blocks
furrow deepening but not karyokinesis or furrow positioning
(see Fig. 1D), we were able to investigate the role of Ca2+ in
kif23 recruitment to the cleavage plane of dividing cells. FRAP
analysis in live zebrafish embryos shows that kif23 recruitment
is highly dynamic but is substantially reduced when dividing
cells are treated with 2-APB (Fig. 9). We were not, however,
able to determine the half-time of fluorescence recovery due to a
manually controlled image acquisition protocol, which was
neither frequent nor fast enough to allow a precise determina-
tion of the fluorescence recovery rate. This was due to
endogenous movement within the embryos while undergoing
cytokinesis and hence the need for slow manual focusing to
ensure image acquisition at the right focal plane. The fact that
the FMAs are still intact after both photobleaching and low-
concentration 2-APB treatment (see Fig. 9) suggests that Ca2+
release via IP3Rs is directly regulating the localization of kif23
to the furrow plane. This is in contrast to previous reports of
defective MKLP1 recruitment during cell division, where a lack
of localization may have resulted from defects in the formation
of the spindle midzone/midbody (Kurasawa et al., 2004; Tomas
et al., 2004; Yang et al., 2004; Zhu et al., 2005).This study is thus the first report presenting evidence for the
involvement of Ca2+ in regulating a microtubule motor protein
function during cytokinesis in live animal cells. The phosphor-
ylation of the kinesin heavy chain by Ca2+ in cell extracts
containing β-granules has been previously shown in vitro,
suggesting a potential role of Ca2+ in promoting granule
transport in β-cells (Donelan et al., 2002). In addition, a member
of the kinesin-14 family, the kinesin-like calmodulin binding
protein (KCBP), has been shown to be regulated by Ca2+-
calmodulin via interaction with its calmodulin binding domain
(Reddy and Reddy, 2002; Vinogradova et al., 2004; Abdel-
Ghany et al., 2005). However, unlike our findings, which
suggest that Ca2+ acts to promote microtubule motor activity, the
Ca2+-calmodulin modulation of KCBP was reported to
negatively regulate its interaction with microtubules (Reddy
and Reddy, 2002). Thus, a considerable amount of additional
experimentation is still required in order to gain a basic under-
standing of the complex relationships between Ca2+ signaling
and the regulation of microtubule motors, the architecture and
dynamics of their transportation tracks, as well as the desti-
nations and cargos they carry during cytokinesis.
Cytokinesis is not the only process, however, that is
regulated by these particular molecular interactions. Similar
mechanisms have previously been shown to occur during cell
membrane repair. In wounded sea urchin embryos, for example,
repair of the plasma membrane requires Ca2+, although in this
case the source is extracellular Ca2+. In addition, membrane
repair requires the delivery and docking of exocytic vesicles,
where the SNARE complex proteins, SNAP-25, synaptobrevin
and syntaxin, were shown to play a role in this process (Bi et al.,
1995). The transport of exocytic vesicles and other aspects of
plasma membrane repair were also reported to be dependent on
the kinesin-microtubule and actomyosin transport systems (Bi
et al., 1997). Thus, during both cytokinesis and wound healing
in embryos, where relatively large amounts of new membrane
are required in a short period of time, it is not surprising
perhaps, that similar mechanisms are utilized in both situations.
Conclusions
Embryonic cytokinetic Ca2+ transients have been reported
from the large embryos of several species. These transients have
been correlated with different stages of cytokinesis, namely
furrow positioning, propagation, deepening and apposition.
Although it is becoming generally accepted that Ca2+ plays a
regulatory role in these processes, little is known about the
precise molecular targets and mechanisms through which Ca2+
mediates these events. In this study we report that during
cleavage furrow deepening: (1) A localized increase in
intracellular Ca2+ regulates the remodeling of cortical actin to
form two distinct actin-based structures, the compact contractile
band and the punctate PAEs, both of which are essential for the
successful completion of cytokinesis. (2) Once formed, the
functions of the contractile band and the PAEs, namely the
initial separation of the daughter cells and the fusion of vesicles
to remodel the furrow membrane, respectively, were also found
to be Ca2+ dependent. (3) Calpains may play a role in regulating
Fig. 10. Schematic to summarize the interaction between Ca2+, the contractile band, PAEs, microtubules, VAMP-2 vesicles, calpain, kif23 and the plasma membrane at
the cleavage furrow during furrow deepening.
245W.M. Li et al. / Developmental Biology 316 (2008) 228–248vesicle fusion via modulation of actin dynamics in the PAEs. (4)
The kif23-mediated transportation of vesicles toward the furrow
plane along the FMAs was also found to be Ca2+-dependent,
and (5) karyokinetic and cytokinetic events may be regulated
via amplitude modulation of localized intracellular Ca2+
transients. Thus, the data presented contribute to our growing
understanding of how the ubiquitous intracellular signal, Ca2+,
may participate in the regulation of multiple cytokinetic events
in large embryonic cells. This is summarized in a schematic
form in Fig. 10.Acknowledgments
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